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Abstract 
We report magneto-transport studies of topological insulator Bi2Te3 thin films grown by pulsed 
laser deposition. A non-saturating linear-like magneto-resistance (MR) is observed at low 
temperatures in the magnetic field range from a few Tesla up to 60 Tesla. We demonstrate that 
the strong linear-like MR at high field can be well understood as the weak antilocalization 
phenomena described by Hikami-Larkin-Nagaoka theory. Our analysis suggests that in our 
system, a topological insulator, the elastic scattering time can be longer than the spin-orbit 
scattering time. We briefly discuss our results in the context of Dirac Fermion physics and 
‘quantum linear magnetoresistance’. 
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The magneto-resistance (MR) of metals can be strongly affected by the details of the Fermi 
surface geometry and character of electron-electron (e-e) interactions1, and therefore gives 
valuable insight into the physics dominating the conductivity. Furthermore, materials with 
nontrivial MR can provide great opportunities in magnetic sensor and memory applications. In 
conventional metals, the Lorenz force induced by a magnetic field bends the trajectory of an 
electron, affecting its motion under the action of electric field and gives rise to an increase in 
electrical resistance. The vector nature of magnetic field typically prevents a strong magneto-
resistance response when the physics is expected to be smooth (analytic) in field, leading to a 
quadratic field-dependence in the low field range and saturating resistance at high fields1. 
However, in some special systems, the resistance can grow linearly with increasing magnetic 
field. For example, non-saturating linear MR has been observed in polycrystalline materials with 
open Fermi surfaces2, in Dirac materials3-5 where all the Dirac Fermions can be collapsed into 
the lowest Landau level by a strong magnetic field6, and in inhomogeneous materials7-9 where 
the mobility fluctuations play an important role10. 
Recently linear MR (up to 15 T or less) has also been observed in a new class of quantum 
materials, i.e. 3-d topological insulators (TIs), including Bi2Se3 thin films11, 12 and nanoribbons13, 
and Bi2Te3 single crystals14. TIs have unique surface states that ride on top of a single Dirac 
cone, and are robust against nonmagnetic impurities or disorder owning to the strong spin-orbit 
coupling and time-reversal symmetry15-17. Because of the existence of Dirac surface states, the 
origin of linear MR in TIs has been suggested to be associated with the Landau level splitting of 
the Dirac cone in the presence of a strong magnetic field12. However, further gated 
measurements manipulating charge carrier density have shown that the linear MR behavior 
becomes weak when the bulk conduction is suppressed, indicating that the MR may be due to 
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bulk channel rather than the surface states11.  Here, we report high field magneto-transport 
studies of the topological insulator Bi2Te3 thin films grown by pulsed laser deposition. The 
resistance at low temperatures shows a strong linear-like dependence on the magnetic field from 
a few Tesla up to 60 Tesla, which continuously evolves from a sharp dip at low field. Such low 
field behavior is recognized as a signature of weak anti-localization effects. We demonstrate that 
the high field linear-like MR of our sample can indeed be well understood in the framework of 
the Hikami-Larkin-Nagaoka theory up to the highest fields measured (60 T). 
The Bi2Te3 thin films of ~55 nm thickness were grown on SrTiO3 (111) substrates by pulsed 
laser deposition (PLD) using a commercial stoichiometric Bi2Te3 target with a purity of 
99.999%. The XeCl laser energy was ~ 0.9 J/cm2, and a laser repetition rate of 0.2 Hz was used 
to promote high quality films18. The PLD chamber has a base pressure of ~ 6101  Torr. Argon 
gas was introduced into the chamber during the growth and the pressure was kept at 300 mTorr. 
The substrate temperature was held at 250 oC. The film growth rate was: 2.2 nm/min. X-ray 
diffraction (XRD) was performed using a Panalytical MRD PRO x-ray diffractometer with Cu 
Kα (λ = 1.5418 Å) radiation. The spatial distribution of the elements Bi and Te in the film was 
studied by energy dispersive x-ray spectroscopy (EDX) mapping in a scanning electron 
microcopy model (FEI Quanta 400 F). The high field Hall effect and magnetoresistance 
measurements were carried out at low temperatures (1.5K and 30 K) using a 60 T pulsed 
magnetic field (8 ms rise time) at the National High Magnetic Field Laboratory at Los Alamos 
National Laboratory. The magneto-resistance and Hall data were measured using standard DC 
measurement and a Hall bar geometry. Both field and current were reversed to symmetrize the 
data and eliminate parasitic voltages induced by the fast changing rate of magnetic field. The low 
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field measurements (T<9 Tesla) were performed using a low frequency lock-in technique in a 
Quantum Design Physical Property Measurement System (PPMS). 
The out of plane () x-ray diffraction pattern (Figure 1(a)) only shows peaks 
corresponding to the (000n) planes of the film in addition to the substrate SrTiO3 (111) plane, 
suggesting the films are grown along the c axis without forming any impurity phase. The rocking 
curve of the (0006) peak (inset of Figure 1 (a)) has a full width at half maximum ~0.22o, which is 
close to the best values obtained in molecular beam epitaxy grown films19 and indicates that the 
films are highly oriented along the c-axis. The spatial distribution of the elements Bi and Te were 
shown in the EDX elemental mapping image (Figure 1 (b)) to be laterally uniform within the 
resolution of the probing beam, and thus to rule out the existence of any significant metal 
clustering.  
The Hall effect and magnetoresistance measurements were performed on the thin film 
samples using a pulsed magnet with field strengths up to 60 Tesla at two different temperatures: 
1.5 K and 30 K.  The Hall resistance shows a linear dependence on the magnetic field (Figure 2 
(a)) and from the slope we can determine that the majority charge carriers are electrons with a 
concentration of 3193 102~  cmn De . The magnetoreistance )0(
)0()(
xx
xxxx
xx R
RBRMR  as a function 
of magnetic field is shown in Figure 2 (b). The magnetic field is perpendicular to the film 
surface. At both temperatures, sharp dips were observed at low fields, suggesting the weak anti-
location effect (WAL)20-27. More low-field MR data (inset of Figure 2 (b)) were taken at different 
temperatures using a PPMS system, revealing the existence of WAL. Meanwhile, a non-
saturating linear-like MR was observed at higher fields from a few Tesla to 60 Tesla. This high 
field linear-like MR is the major finding of this work and we will focus on its origin in the 
following paragraphs.  
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Previously, linear MR up to 15 T for thin films of topological insulator Bi2Se3 12 was 
attributed to Abrikosov’s ‘quantum linear magnetoresistance’ mechanism6. For the Abrikosov 
mechanism to apply however, the field must exceed the quantum limit, whereby all of the Dirac 
Fermions are quantized to the lowest Landau level. The magnetic field that is required to reach 
this quantum limit must be greater than B* where 22
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, vF is the Fermi 
velocity and EF is the Fermi energy6. For our Bi2Te3 films, we estimated the Fermi level to be 
~0.03 eV above the bottom of the bulk conduction band (BCB) based on the electron 
concentration of 3193 102~  cmn De . From the band structure (a schematic is shown in the inset 
of Figure 2 (a)) that was determined by angle-resolved photoemission spectroscopy (ARPES) 
measurements 28, the bottom of BCB is ~0.295 eV above the Dirac point, so the Fermi energy is
eVEF 325.0~ with respect to the Dirac point. According to the ARPES
28 and quantum 
oscillation measurements14, the Fermi velocity of the surface Dirac Fermions in Bi2Te3 is ~ 
sm /104 5 . Therefore, in order to satisfy the quantum limit, B* should be ~500 T, which is 
much higher than the on-set field of the linear behavior observed here (a few Tesla as seen in 
Figure 2 (b)).  
A similar discrepancy was found in another well-known linear MR system, i.e. bulk silver 
chalcogenides6, 7. To address this, Abrikosov proposed a quantum model with the assumption of 
material inhomogeniety6, i.e. regions with higher electron concentration are imbedded into 
regions with a much smaller electron concentration where the extremal quantum situation can 
take place. For the silver chalcogenides, this sample inhomogeniety has been evidenced by the 
existence of Ag clusters (size~500 nm) at the boundaries of polycrystalline grains29. Our EDX 
elemental mapping (Figure 1 (b)), however, rules out the possibility of metal clusters in our thin 
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films.  Moreover, if this inhomogeneity model applies to our system, according to the on-set field 
of a few Tesla, the EF for the regions where quantum limit occurs should be only ~ 0.025 eV 
above the Dirac point and ~ 0.105 eV below the top of the bulk valence band (red line in the 
upper inset of Fig. 3 (b)), and as a result, holes should be the majority charge carriers in these 
regions. The coexistence of multi-conduction channels of holes and electrons could lead to non-
linearity in the Hall resistance curve14, 30, which is in contrast to the observed n-type linear 
behavior of Figure 2 (a). 
The coexistence of a sharp dip at low fields and linear-like MR at high fields suggests the 
possibility that both are associated with the weak antilocalization (WAL) effect. The WAL 
related low field MR (or magneto-conductivity) in topological insulators20-27 has been described 
by the simplified Hikami-Larkin-Nagaoka (HLN) equation 31  
)()]
2
1()[ln()(
22
B
B
h
e
B
B
B
B
h
eB   

                                                                (1) 
Where   is the digamma function, function is defined as: )
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,   is phase coherence time, D is the diffusion 
constant, h is the Planck’s constant and the prefactor  is equal to -1/2 for single coherent 
channel. It should be noted that this simplified equation is only valid when the following 
condition is satisfied:  
SOe
B 
1,1,1 

 ( SO  is the spin-orbit scattering time). When multiple 
parallel conduction channels (i.e. two surfaces and the bulk) are considered, the characteristic 
field is related to the coherence both on the surface and in bulk, and the prefactor  is -0.5 ~ -1.5 
depending on the decoupling between channels24, 25.  We fitted our magnetoconductivity data at 
1.5 K and 30 K using equation 1. As seen in Figure 3, the fitting (green) shows a deviation from 
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the experimental data (red) in both low field (inset of Fig. 3) and high field regions. This 
deviation is likely to be because the condition 
SOe
B 
1,1  is not satisfied in the entire magnetic 
field region. In this case, we have to apply the original HLN equation31: 
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Since there is no magnetic scattering in our samples, the above equation becomes  
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We found that to obtain a better fit to the experimental data, SOe BB   has to be satisfied, in other 
words, the elastic scattering time e  should be longer than the spin-orbit scattering time SO . The 
blue curves in Figure 3 are the fittings with the following parameters: 
)005.0711.0()5.1( K , TKBe )4.09.7()5.1(   and TKB )0003.00052.0()5.1(   and 
)05.088.0()30( K , TKBe )18()30(  , and TKB )03.033.0()30(  . As shown in 
Figure 3 and its insets, the fitting using equation (2) is better than using equation (1). For self-
consistency, the eB obtained above is indeed less than the maximum magnetic field that was 
applied, as a result the simplified HLN equation (eq. 1) is not adequate to describe the WLA 
effect. Although in conventional systems the spin- orbit scattering time SO is usually longer than 
the elastic scattering time e 32, given the strong spin-orbit coupling in topological insulators, it is 
possible to have eSO   . This can be understood as the following: when the spin-orbit coupling 
is weak as in conventional systems, the precession of the spin is slow and the corresponding 
spin-orbit relaxation time is longer than the elastic scattering time; While in topological 
insulators where spin-orbit interaction is very strong, spin-orbit field can be larger than the 
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elastic scattering rate33, so the spin precession is fast and spin relaxation time can be even shorter 
than the elastic scattering time. We note that Assaf et al.34 recently reported linear MR up to 14 
Tesla in Bi2Te2Se thin films at higher temperatures and they suggested that it arises from the 
competition between a logarithmic phase coherence component and a classical quadratic 
component. We show that the linear-like MR observed here can be well described by the HLN 
theory without the consideration of classical quadratic contribution. We also note that Gao et 
al.35 recently reported the emergence of linear-like MR together with the enhancement of WAL 
in thin Bi2Se3 sheets upon tuning the carrier density using a back gate. This further supports our 
conclusion that the linear MR is associated with the WAL effect. We note that strong positive 
MR has also been reported in some transition metal oxides, for example in VOx thin films36, 
where the interaction between d-orbit electrons is strong and non-trivial. In that case, the 
interplay between interaction and disorder gives rise to a strong MR that is typically proportional 
to H1/2 32, 37. However, as we have shown above, in our Bi2Te3 thin films with p-oribit conduction 
electrons, the linear-like MR can be described well by a quasi-particle model (i.e. the HLN 
theory) without considering strong/non-trivial e-e interactions. Moreover, band structure 
calculations without considering e-e interactions agrees well with the experimental results38, 
which suggests that the e-e interaction in Bi2Te3 is indeed not as strong as in strongly correlated 
metal oxides.  
In summary, we observed non-saturating linear-like magnetoreisistance in topological 
insulator Bi2Te3 thin films from a few T up to 60 T at low temperatures. Due to the larger Fermi 
surface, the magnetic field is not high enough to reach Abrikosov’s quantum limit where all the 
surface Dirac Fermions are quantized into the lowest Landau level. We demonstrate that the 
strong linear-like MR at high fields can be well understood as the weak antilocalization 
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phenomena described by Hikami-Larkin-Nagaoka theory. Our analysis suggests that in our 
topological insulator, the elastic scattering time is longer than the spin-orbit scattering time. The 
non-saturating linear-like MR observed here up to 60 T suggests many potential applications for 
topological insulators, including high-field magnetic sensor technology. 
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Figure Captions 
Figure 1 (a) X-ray diffraction pattern (-2 scan) of a Bi2Te3 film grown on SrTiO3 substrate; 
The inset shows the rocking curve of the (0006) peak; (b) EDX mapping of the film showing the 
spatial distribution of Bi (blue) and Te (red); The scale bar is 500 nm. 
 
Figure 2 (a) The Hall resistance as a function of magnetic field; the inset shows a schematic 
drawing of the band structure of Bi2Te3. (b)The magnetoresistance (MRxx) as a function of 
magnetic field at 1.5 and 30 K; the solid red lines are guides to the eye; The inset shows low 
field MR taken at different temperatures revealing the weak anti-localization effect. 
 
Figure 3 A fit to the magneto-conductivity data at 1.5 K (a) and 30 K (b) using eq. 1 (green) and 
eq. 2 (blue). The insets are the zoom-in view at low fields (the regions marked by the dashed 
rectangles). 
 
 
 
 
 
 
 
 



